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ABSTRACT
Atmospheric regions below a refractive boundary are hidden in limb observations. Refraction thus
creates a gray continuum in the planet’s transmission spectrum which can hide spectral features as-
sociated with sources of atmospheric opacity. We combine refractive theory with recent analytical
advances describing the effects of surfaces and clouds on transmission spectra, to express the loca-
tion of this boundary in atmospheric opacity space, both for atomic and molecular extinction, as well
as collision-induced absorption. This allows one to quickly estimate how refraction affects spectral
features in well-mixed atmospheres. We show that differences in the geometry of limb observations
between solar system planets and exoplanets leads to different locations of this boundary, and that
more than four extra scale heights of atmosphere are hidden in exoplanet transits compared to solar
system observations of cold gas giants. We explore how the location of this refractive boundary in
exoplanet transits changes in a well-mixed isothermal atmosphere with its temperature and composi-
tion, the spectral type of the planet’s host star, and the size of the planet. We demonstrate that five
extra scale heights of atmosphere are hidden in a terrestrial planet with a CO2 atmosphere compared
to a helium atmosphere, resulting in a flatter spectrum than from its smaller scale height alone. We
provide results for a few exoplanets, notably those in the TRAPPIST-1 system, to help the scientific
community estimate the impact of refraction on the size of spectral features without radiative transfer
calculations, and thus help refine planned James Web Space Telescope observations.
Keywords: atmospheric effects – methods: analytical – methods: numerical – planets and satellites:
atmospheres – radiative transfer.
1. INTRODUCTION
Over the last decade, the reduction and interpreta-
tion of exoplanet transmission spectra have significantly
improved. Much effort has gone into the development
of data reduction techniques to remove the effects of
instrument systematics affecting space observatories
(see Beichman et al. 2014 for a review of the type
and source of instrument systematics affecting Hub-
ble Space Telescope, Kepler, and Spitzer observations),
as well as correct for the effects of stellar variability
from spots (e.g. see early work by Pont et al. 2008;
Sing et al. 2011; Pont et al. 2013; McCullough et al.
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2014), and many atmospheric parameter retrieval al-
gorithms have been developed (e.g. Irwin et al. 2008;
Madhusudhan & Seager 2009; Benneke & Seager 2012;
Line et al. 2013; Waldmann et al. 2015; MacDonald & Madhusudhan
2017). Spectral signatures of molecular species are
now routinely detected in transmission spectra (H2O
and CH4 were first reported by Tinetti et al. 2007
and Swain, Vasisht & Tinetti 2008, respectively,
and TiO/VO only recently convincingly detected by
Evans et al. 2016) and so are the tangled signatures of
H2, clouds, and hazes (first reported by Pont et al. 2008
and identified by Lecavelier des Etangs et al. 2008 in
HD189733b’s atmosphere), resulting in a few statistical
studies of the abundance of water and the presence of
clouds in hot exoplanets (Sing et al. 2016; Stevenson
2016; Iyer et al. 2016; Barstow et al. 2017). However,
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the limited spectral coverage and signal-to-noise ratio of
current observations, combined with the possible pres-
ence of hazes and clouds, pose a challenge to unambigu-
ously retrieve the abundances of molecular species (see
the sobering review by Burrows 2014). With the deploy-
ment of the James Web Space Telescope (JWST), good
quality exoplanet spectra with a large spectral coverage
may finally be obtained to overcome these limitations.
In anticipation, Beichman et al. (2014) presented a
comprehensive study and review of the various JWST
instruments best suited for exoplanet science, as well
as outlined the necessary steps which the scientific
community must take to benefit from JWST’s unique
capabilities. Target lists1 of JWST Garanteed Time
Observations (GTO) have recently been released, and
possible targets for the Early Release Science (ERS)
Program have also been selected (Stevenson et al.
2016). The expected performance of the various in-
struments covering the 0.6–30 µm spectral region have
been modeled, and issues such as noise, instrument
systematics, stellar spots, clouds, and hazes, impact-
ing the accuracy of the retrieved atmospheric com-
position of various exoplanets, have been investigated
(Deming et al. 2009; Barstow et al. 2015; Greene et al.
2016; Barstow et al. 2016; Barstow & Irwin 2016;
Arney et al. 2017; Mollie`re et al. 2017) to help define
the desired signal-to-noise and required integration time
of JWST observations.
Among these studies, only the atmospheric models of
Arney et al. (2017) consider the effects of atmospheric
refraction by the observed exoplanet on its transmis-
sion spectrum. However, this particular study focusses
on hazy atmospheres where refraction is less likely to
have an impact. All other studies ignore refractive ef-
fects, thus potentially underestimating the integration
time required to detect various chemical species. In-
deed, refraction can decrease the strength of absorption
features by creating a grey continuum akin to an op-
tically thick cloud deck (see Garc´ıa Mun˜oz et al. 2012;
Be´tre´mieux & Kaltenegger 2013, 2014; Misra, Meadows
& Crisp 2014 for terrestrial planets, and Be´tre´mieux
2016 for gas giants). The location of the critical bound-
ary (Be´tre´mieux & Kaltenegger 2014), below which the
atmosphere cannot be probed, depends both on the lens-
ing power of the atmosphere and on the angular size of
the host star viewed from the exoplanet.
One possible barrier to the widespread inclusion of
refraction in exoplanet transmission models is that not
only was it initially deemed unimportant (Brown 2001;
1 https://jwst-docs.stsci.edu/display/JSP
/JWST+GTO+Observation+Specifications
Hubbard et al. 2001), but its mathematical description
is complex and requires numerical integrations. Indeed,
Be´tre´mieux & Kaltenegger (2015) showed that the so-
lution to the integral describing the dependence of the
deflection of a ray with the atmospheric density at its
grazing radius – lowest region reached by a ray – deviates
at high densities (more than one amagat for Earth and
temperate Jupiter-sized planets) from the simple ana-
lytical solution presented by Baum & Code (1953) and
still widely used today. This results in a thin refractive
boundary layer across which the ray deflection goes from
finite to infinite values as the grazing radius approaches
a lower refractive boundary. Below this lower bound-
ary, stellar radiation spirals into the planet until it is
absorbed or scattered.
An observer’s solution, which avoids computing
exoplanet transmission spectra from first principle,
is to build them up from the observed altitude-
dependence of the limb transmission of atmospheres
of solar system planets, correcting for differential re-
fraction (Baum & Code 1953). One method consists
in observing the change in brightness of a moon as
it enters its planet’s shadow during a lunar eclipse
to determine its transmission spectrum, as was done
for Earth (Palle´ et al. 2009; Vidal-Madjar et al. 2010;
Garc´ıa Mun˜oz et al. 2012; Arnold et al. 2014; Yan et al.
2015). Another method is to observe the dimming of a
star or our Sun as it is occulted by a planetary atmo-
sphere, as was done with solar occultation data from the
Cassini spacecraft, both for the atmospheres of Titan
(Robinson et al. 2014) and Saturn (Dalba et al. 2015).
However, as we discuss in Section 2.5, the observational
geometry of occultations and lunar eclipse observations
is different from an exoplanet transit, and so is the
relevant refractive boundary. Thus, inferring the trans-
mission spectrum of an exoplanet from its solar system
analog is not only challenging, but potentially mislead-
ing if the results are not interpreted properly in cases
where refraction is important.
The importance of refraction in a transmission spec-
trum can only be weighed against sources of atmospheric
opacity, to determine to what degree the refractive con-
tinuum can reduce the strength or completely smother
spectral features of interest. Although knowing the
atmospheric pressure at the relevant refractive bound-
ary (Be´tre´mieux & Kaltenegger 2014; Be´tre´mieux 2016)
is important to compare to the pressure location of
the top of optically thick clouds or terrestrial surfaces,
and determine which of these three types of ‘surface’
(Be´tre´mieux & Swain 2017) may be responsible for the
observed continuum, it is not sufficiently informative
to estimate the strength of absorption features with-
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out a detailed radiative transfer calculation. A more
useful metric for back-of-the-envelope calculations is
the concept of the ‘surface’ cross-section introduced by
Be´tre´mieux & Swain (2017) which translates the verti-
cal location of a ‘surface’ (actual surfaces, optically thick
clouds, and refractive boundaries), given in term of its
atmospheric density, into an effective opacity against
which one can compare atmospheric opacities of interest.
The aim of this paper is to apply this novel concept
to refractive effects in order to do several things. First,
to show that refraction substantially decreases spectral
features of cold long-period giant exoplanets – analogs
to our Jovian planets – and that, contrary to the claim
by Dalba et al. (2015), it is probably not worthwhile
to target these worlds for detailed atmospheric char-
acterization. Second, to quantify how much refractive
boundaries shift with the assumed bulk composition and
temperature of exoplanet’s atmospheres, with their size,
and with the spectral class of their host star. Third,
to provide to the scientific community a way to esti-
mate, without radiative transfer calculations, the impact
of refraction on the strength of absorption bands for a
few exoplanets, notably the planets in the TRAPPIST-
1 system, which will be targeted by JWST. As a by-
product of these investigations, we also illustrate the
effects of a non-isothermal temperature profile on trans-
mission spectra and the importance of collision-induced
absorption (CIA) in potentially defining the deepest at-
mospheric region that can be probed in hot exoplan-
ets, as well as discuss the potential impact of collisional
broadening on transmission spectra.
2. MATHEMATICAL DESCRIPTION
2.1. Refractivity
The bending of light due to refraction in a planetary
atmosphere is essentially controlled by two quantities:
the density scale height (H), and the refractivity (ν) of
the atmosphere, both evaluated at the grazing radius of
a ray – the deepest region reached by a ray. Although
the refractivity of the atmosphere depends on its com-
position, it depends predominantly on its number den-
sity (n), which varies exponentially with altitude. We
use the term ‘scale height’ to signify the density scale
height of the atmosphere, not the pressure scale height
which we always label explicitly.
A starting point for computing the lensing power of
an atmosphere is the tabulated refractivity (e.g. see
Table 1 in Be´tre´mieux & Kaltenegger 2015) of differ-
ent molecules (νSTPj ) measured at standard tempera-
ture and pressure (STP). Indeed, one first computes the
STP refractivity of the atmosphere (νSTP ) using
νSTP =
∑
j
fjνSTPj , (1)
which depends on the sum of the STP refractivities of
the individual species (νSTPj ) weighed by their abun-
dances, quantified by their mole fraction (fj). One then
obtains the refractivity of the atmosphere at the desired
density with
ν =
(
n
L0
)
νSTP , (2)
where L0 is the number density of the atmosphere at
STP, also known as the Loschmidt constant. The unit of
atmospheric density which equates L0 is an amagat. It
is clear from Equ. 1 that only the most abundant species
contribute significantly to the atmospheric refractivity.
Below a planet’s homopause, the species making up the
bulk of the atmosphere have a constant mole fraction
with altitude so that the STP refractivity of the at-
mosphere is also constant with altitude. Although one
might argue that this statement is not true of exoplan-
ets with a high proportion of condensable species, such
as ‘ocean-planets’ (Le´ger et al. 2004), the existence of
these exoplanets is at this point speculative.
2.2. Apparent versus actual probed region
The path of a refracted ray through an atmosphere is
described by an invariant which is equal to the ray’s pro-
jected distance to the center of the planet with respect
to the observer (Phinney & Anderson 1968), also known
as the ray’s impact parameter (b). The ray’s impact
parameter is related to its grazing radius (r) by
b = r(1 + ν). (3)
Without bending by refraction – ν is equal to zero –
the impact parameter and the grazing radius are the
same. Equation 3 can be rewritten to emphasize how
much deeper a ray probes the atmosphere compared to
what the impact parameter suggests when refraction is
ignored.
b− r = rν (4)
shows that the difference in altitude between the region
perceived to be probed (given by b) and the actual re-
gion probed (given by r) increases with the refractivity
– and hence density – of the atmosphere at the grazing
radius, and thus with decreasing altitudes, as illustrated
in Fig. 1.
In an altitude region with a constant density scale
height, the corresponding difference between the density
probed (n) and the perceived probed density (n∗), or
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apparent density, is then given by
n∗
n
= e−(b−r)/H = e−(rν/H), (5)
where the apparent density is the largest density
reached if a ray was not bent by refraction. It is in-
teresting to note that the factor (rν/H) is a factor
that also appears in the improved analytic expressions
(Be´tre´mieux & Kaltenegger 2015) for the column abun-
dance along a ray, as well as that for the ray deflection,
and shown again in Section 2.5. Since this factor is a
positive quantity, Equation 5 shows that the apparent
density probed is always lower than the actual density
probed. We want to stress that this factor is only a
mathematical construct to map a change of altitude to
a virtual change of probed density. In reality, rays do
actually bear the signature of the actual density probed
through the atmospheric extinction that they experi-
ence. Also, Equ. 5 does not hold for an atmosphere
with a non-constant scale height. In that case, one
must determine the change in density corresponding to
the difference in altitude between the impact parameter
and the grazing radius from the density altitude profile
of the atmosphere.
2.3. Lower boundary
The lowest region that stellar radiation can pass
through an atmosphere without spiraling into the planet
is the lower refractive boundary. This lower boundary
(represented with the lb subscript throughout the paper)
occurs at an altitude which satisfies the condition(
νlb
1 + νlb
)
rlb
Hlb
= 1, (6)
as derived by Be´tre´mieux & Kaltenegger (2015). If the
atmosphere is thin compared to the planetary radius
(RP ), then rlb ≈ RP , and one can then solve for the
atmospheric refractivity at this lower boundary with
νlb =
1
(rlb/Hlb)− 1
≈ Hlb/RP , (7)
which is then much smaller than one. In this ap-
proximation, we can see that the condition describing
the location of the lower boundary (Equ. 6) is simply
(rν/H)lb ≈ 1. Knowing νlb, we can then use Equ. 2,
with the assumed bulk composition of the atmosphere,
to determine the density where the lower boundary is
located.
Since the difference in altitude between the appar-
ent and actual probed region increases with density
(Equ. 4), the maximum difference occurs at this lower
boundary. With the help of Equ. 6, we can see that the
Figure 1. Illustration of the difference between the low-
est altitude probed (or grazing radius) by a ray, and the
apparent altitude probed (or impact parameter) seen by an
observer outside the atmosphere during limb observations.
On the right, the rays are evenly spaced in altitude (ex-
pressed in units of scale height) above the location of the
lower refractive boundary (see Section 2.3). The apparent
altitudes probed, on the left, are always located at a higher
altitude than the actual altitudes probed, and the effective
scale height of the atmosphere (see Section 2.4) shrinks as
rays graze closer to the lower refractive boundary.
difference between the apparent and actual altitude of
the lower boundary is given by
(blb − rlb) = rlbνlb = Hlb(1 + νlb). (8)
Since νlb is typically much smaller than one, this differ-
ence is about one density scale height, as illustrated in
Fig. 1. This expression is exact even in an atmosphere
with a non-constant scale height.
2.4. Effective density scale height
The fact that the difference between the apparent and
actual altitude probed increases with density implies
that the density scale height appears to change to an
external observer even in an atmosphere where the scale
height is constant with altitude. Fig. 1 illustrates how
rays that are evenly spread in grazing radius – corre-
sponding to intervals of constant ratios of probed densi-
ties – map into their respective impact parameters for an
atmosphere with a constant scale height. Fig. 1 clearly
shows that constant grazing radius intervals are mapped
to smaller impact parameter interval the closer a ray
gets to the lower refractive boundary. Since the probed
densities have not actually changed, the same ratio of
density occurs over a smaller altitude interval, and the
scale height appears to have decreased. The effective, or
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Figure 2. Ratio of the effective scale height (H∗) perceived
by an observer outside the atmosphere to the actual scale
height (H) of the probed atmospheric region as a function of
its altitude above the lower refractive boundary (expressed
in units of scale height).
apparent, density scale height (H∗) is given by
H∗
H
=
db
dr
= (1 + ν)−
(rν
H
)
(9)
(Be´tre´mieux & Kaltenegger 2015), and shown in Fig. 2.
Six scale height above the lower boundary, the effec-
tive scale height is essentially the same as the actual
scale height. However, two scale heights from the lower
boundary, the ratio of the effective to the actual scale
height drops to less than 0.9, and decreases dramatically
to zero in the bottom scale height. It can be shown that
the dominant term describing the curve in Fig. 2 is sim-
ply
H∗
H
≈ 1− e−(r−rlb)/H (10)
for an atmosphere with a constant scale height. The
fact that the effective density scale height decreases as
the lower boundary is approached implies that the asso-
ciated spectral features which probe these atmospheric
regions also decrease in size (Be´tre´mieux 2016).
2.5. Atmospheric regions probed by refraction
A thin refractive boundary layer which distorts the ap-
parent scale height of the atmosphere occurs only at rel-
atively high densities, as shown for Jovian atmospheres
of different temperatures in Table 3 of Be´tre´mieux 2016.
Whereas this boundary could be observed in planets
with thick atmospheres in our Solar System in spec-
tral regions of low opacity, the observational geome-
try of transiting exoplanets can hide these deeper re-
gions (Sidis & Sari 2010) because it creates a refractive
boundary located at a higher altitude.
This critical boundary (Be´tre´mieux & Kaltenegger
2014) occurs at an altitude where the atmospheric den-
sity deflects light from the stellar limb opposite the
planetary limb toward the observer (see their Fig. 2).
This critical deflection (ωc), in turn, depends on the
planet-star geometry and is given by
sinωc =
rc +R⋆
d
, (11)
where rc is the critical grazing radius (≈ RP ), R⋆ is the
stellar radius, and d is the planet-star distance.
Atmospheric regions below the critical boundary can-
not be probed because they are not back-illuminated
by the host star from the observer’s viewpoint, and
thus appear dark. Indeed, the atmosphere acts as a
lens which severely distorts the imaged stellar disc. Al-
though the imaged stellar disc varies substantially dur-
ing the course of a planetary transit (Sidis & Sari 2010;
Garc´ıa Mun˜oz & Mills 2012; Misra, Meadows & Crisp
2014), one can use the simple geometry when the planet
occults the center of its star to determine the average ef-
fects of refraction during the transit. Indeed, the actual
locations of the imaged stellar limb on opposite sides of
the planetary limb straddle the one provided by this sim-
ple picture. Furthermore, all radiative transfer codes,
used in retrieval algorithms to interpret transit spectra,
assume this simple geometry.
Determining the altitude where the critical boundary
occurs must be done numerically because there exist no
analytic expression for the ray deflection at high densi-
ties. Indeed, the formula for the ray deflection (ω) in a
constant scale height atmosphere can be expressed as a
Taylor series by
ω =
√
2pir
H
ν

1 + ∞∑
j=0
Dj
(rν
H
)j . (12)
A similar type of behavior exists for the column-
integrated abundance (N) along the ray, namely
N =
√
2pirHn

1 + ∞∑
j=0
Cj
(rν
H
)j . (13)
Here, Cj and Dj are coefficients for the column abun-
dance and deflection, respectively, of which only the first
few are determined (Be´tre´mieux & Kaltenegger 2015).
Both of these expressions are expected to diverge at
the lower boundary. The factors outside the parenthe-
sis of both expressions are well-known formulae (e.g.
see Baum & Code 1953, Smith & Hunten 1990, and
Fortney 2005) valid at low densities. Throughout the
paper, we use the new numerical ray tracing method
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described by Be´tre´mieux & Kaltenegger (2015) to de-
termine ω and N through the atmosphere, rather than
use Equ. 12 and 13. Percentage differences of the val-
ues of ω and N from the numerical method, as well as
from Equ. 12 and 13, compared to the well-known sim-
ple formulae, have already been shown in Fig. 6 and
7 of Be´tre´mieux & Kaltenegger (2015) for a temperate
Jovian and an Earth-like planet.
Be´tre´mieux & Kaltenegger (2014) showed that for low
densities, the critical density (nc) – atmospheric number
density at the critical boundary – is given by(
nc
L0
)
=
ωc
νSTP
√
H
2pir
, (14)
where the ratio inside the parenthesis on the left-hand
side of the equation is a number density expressed in
units of amagat. This simple recipe, which ignores the
concept of the lower boundary, cannot be applied to hot
Jupiters because the critical boundary is located at high
densities where Equ. 14 breaks down. Indeed, numeri-
cal results show that the critical boundary of a 1200 K
isothermal hot Jupiter, orbiting a star cooler than an
F0 spectral class, is located within one scale height of
the lower boundary (see Table 3 of Be´tre´mieux 2016),
well inside the refractive boundary layer. Using Equ. 14
when
ωc &
√
2piH
r
, (15)
yields densities larger than at the lower boundary, which
is unphysical.
Since the ray deflection diverges at the lower bound-
ary, the critical boundary, which causes a finite ray de-
flection, is always located above it and defines the at-
mospheric region which can be probed in the course of
an exoplanet’s transit. Limb observations of a plane-
tary atmosphere from an orbiting spacecraft, via solar
or stellar occultations, are not similarly restricted be-
cause there will always be an atmospheric layer which
bends the light sufficiently to reach the spacecraft. The
only issue is whether opacity and differential refraction
have sufficiently decreased the transmitted flux to the
point of non-detection (see review of occultations by
Smith & Hunten 1990). Observing the brightness of lu-
nar surfaces during a lunar eclipse is potentially more
powerful as it provides a simultaneous coverage of the
transmission of many atmospheric layers. The drawback
is that scattered light contribution now comes from the
entire limb of the planet. Both methods can in principle
probe an atmosphere to its lower boundary.
The difference in altitude (or density) between
the lowest atmospheric regions probed by exoplanet
transmission spectroscopy (critical boundary), and so-
lar/stellar occultations and lunar eclipses (lower bound-
ary), can be problematic when trying to infer the trans-
mission spectrum of an exoplanet from transmission
data of a solar system analog, as was done for Titan
(Robinson et al. 2014) and Saturn (Dalba et al. 2015).
Indeed, the greater the difference in altitude, the more
the spectral features in the exoplanet transit will be de-
creased compared to the spectrum built-up from trans-
mission data of its solar system analog. If the lower
boundary and the critical boundary are widely sepa-
rated, it is entirely possible for refraction to hardly
impact the spectrum of solar system planets, and to cut
down most of the absorption features in an identical
exoplanet observed in transit to the point of resulting
in a nearly flat spectrum.
2.6. Refraction and atmospheric opacities
To determine if refraction plays an important role
in shaping the transmission spectrum of planetary at-
mospheres, one must determine the location of the re-
fractive continuum with respect to spectral features of
interest. Until recently, the few analytical formalisms
(Lecavelier des Etangs et al. 2008; de Wit & Seager
2013) attempting to explain what shapes exoplanet
transmission spectra could only do so for clear at-
mospheres. However, Be´tre´mieux & Swain (2017) de-
veloped an analytical formalism which explains how
‘surfaces’ (surfaces, thick cloud decks, and refractive
boundaries) decrease the contrast of absorption fea-
tures in transmission spectra. At the heart of their
formalism is the only published solution (see Equ. 27
in Be´tre´mieux & Swain 2017) to the integral describing
the effective radius of a transiting exoplanet whose at-
mosphere is completely opaque below a ‘surface’. Their
formalism is the only one that gives the expected result
that as the optical thickness of the atmosphere de-
creases, the effective radius of the exoplanet approaches
asymptotically that of the location of the ‘surface’ with-
out going below it. Indeed, the effective radius of a
terrestrial planet without an atmosphere is simply the
radius of the planet – the location of its surface.
Be´tre´mieux & Swain (2017) also showed that, in lieu
of a detailed radiative transfer calculation, one can es-
timate the effective atmospheric thickness (h) – atmo-
spheric contribution to the transmission spectrum – by
comparing the mean atmospheric cross-section (σ) to a
‘surface’ cross-section (σs) with
h/H = ln(σ/σs), (16)
and setting negative results to zero. This simple method
produces at most half of a scale height error (see Fig. 5
in Be´tre´mieux & Swain 2017) when σ = σs, i.e. when
Hidden depths of planetary atmospheres 7
the atmospheric contribution is small. This is equiva-
lent to the ad hoc method used to incorporate the ef-
fects of clouds in a few past analyses (Berta et al. 2012;
Sing et al. 2015, 2016), except that it is here done in
opacity space, and that the errors associated with that
method are now known. Equation 16 assumes that the
atmosphere has not only a constant scale height, but
is also well-mixed so that the mole fraction of species
(fj) are constant with altitude. The mean atmospheric
cross-section, which is given by
σ =
∑
j
fjσj , (17)
is thus also constant with altitude, and is sufficient to
characterize the opacity of an atmosphere. When the
extinction in a spectral region is due predominantly to
one species, the mean atmospheric cross-section is sim-
ply given by the product of the abundance and the ex-
tinction cross-section of that species (σ ≈ fjσj). The
‘surface’ cross-section is computed with
σs =
e−γEM√
2pibsHns
, (18)
where γEM is the Euler-Mascheroni constant (≈ 0.577),
while bs and ns are the impact parameter (Equ. 3) and
the atmosphere number density, respectively, at the ‘sur-
face’.
Although the well-mixed and isothermal assump-
tions are not valid over all altitudes in a plane-
tary atmospheres, they are usually deemed sufficient
when it comes to the retrieval of atmospheric param-
eters from transmission spectra. Indeed, most exo-
planet atmosphere parameter retrieval algorithms (e.g.
Madhusudhan & Seager 2009; Benneke & Seager 2012;
Waldmann et al. 2015; MacDonald & Madhusudhan
2017; Barstow et al. 2017) assume that atmospheres
are well-mixed in the range of altitudes probed by
transmission spectra. Regarding the effects of tem-
perature on transmission spectra, it is clear that a ver-
tical change in temperature changes the scale height,
which in turn should impact the size of spectral fea-
tures. In Section 3.4, we discuss further the effects of
a non-isothermal temperature profile on transmission
spectra, but for the present discussion we assume that
the isothermal profile assumption holds over the altitude
range probed by transmission spectroscopy.
We also note that the assumption of a constant mean
cross-section with altitude is not valid in the denser at-
mospheric regions where collisional broadening becomes
important (see the Appendix for a detailed discussion
about the impact of collisional broadening on transmis-
sion spectra). However, not only do prominent absorp-
tion bands in exoplanet transmission spectra typically
probe lower pressures where cross-sections are constant
with altitude, but it is impossible to ascertain the im-
pact of collisional broadening in a hot Jupiter’s atmo-
sphere because broadening parameters by H2 and He are
non-existent except for a few molecules (Wilzewski et al.
2016; Barton et al. 2017). Even for air as a broaden-
ing agent, parameters are usually available only around
300 K (Hedges & Madhusudhan 2016). Given this lack
of data, one can use our simple method because cross-
sections can only be computed for zero pressure, and
are thus independent of altitude in an isothermal atmo-
sphere.
Equation 16, 17, and 18 are valid for Rayleigh scat-
tering, or atomic and molecular absorption. Since
the absorption coefficient of collision-induced absorp-
tion (CIA) is proportional to the square of the den-
sity, the relevant equations for CIA are slightly different
(Be´tre´mieux & Swain 2017), and are given instead by
(h/H)CIA =
1
2
ln(k/ks), (19)
k =
∑
i,j
fifjki,j , (20)
and
ks =
e−γEM√
pibsHn2s
, (21)
where k and ks are the mean atmospheric cross-section
and the ‘surface’ cross section for CIA, respectively,
while ki,j is the CIA cross-section between species i and
j. Simply put, the relevant length scale that determines
the size of CIA features is in fact half the scale height
(de Wit & Seager 2013; Be´tre´mieux & Swain 2017).
Throughout the paper, we use the subscript c and lb
instead of s with both types of cross-section (σ and k)
to identify them as ‘surface’ cross-section at the critical
boundary and lower boundary, respectively.
What number density should one use in Equ. 18, and
21 to determine, to first order, the various ‘surface’
cross-sections of the refractive boundary? One should
use the apparent density (See Section 2.2) of the refrac-
tive boundary appropriate for the type of observations:
apparent critical boundary (ns = n
∗
c) for exoplanet tran-
sits, and apparent lower boundary (ns = n
∗
lb) for so-
lar/stellar occultations and lunar eclipses observations
(see Section 2.5). Indeed, the apparent density essen-
tially translates the refractive case into a non-refractive
framework when it comes to the location of the ray. The
concept of the ‘surface’ cross-section then determines,
inside a non-refractive framework, the required opacity
of an homogeneous clear isothermal atmosphere which
causes the effective radius of the exoplanet to be located
at the ‘surface’.
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3. SOLAR SYSTEM PLANETS
3.1. Vertical density profile
To illustrate how refraction impacts in a different way
limb observations of solar system planets and exoplanet
transits, we determine the location of refractive bound-
aries for solar system planets with thick atmospheres
(Venus, Jupiter, Saturn, Uranus, and Neptune) for both
observational geometries. We first use the ideal gas law
on published temperature-pressure altitude profiles (see
Table 1) for the various planets considered to determine
the number density of their atmosphere as a function
of altitude. We then interpolate densities on a finer al-
titude grid assuming that the density follows an expo-
nential law with a constant density scale height between
altitudes with known values. Temperatures are interpo-
lated linearly with altitude. The altitude spacing on the
fine grid is set at 1/3000 of the density scale height at the
bottom of the published atmosphere. The temperature-
pressure profiles listed in Table 1 come from the Galileo
probe (Jupiter), a combination of American and Rus-
sian probes and orbiters (Venus), and occultation of ra-
dio signals from the Voyager 2 spacecraft by the planet’s
atmosphere (Saturn, Uranus, Neptune).
The detailed temperature-pressure altitude profile
from the Voyager 2 radio occultations (Lindal et al.
1985; Lindal et al. 1987; Lindal 1992) was retrieved si-
multaneously with the composition of the atmosphere.
If one uses a different atmospheric composition than
these published compositions, one must modify the tem-
perature and pressure according to a scaling law (e.g.
Lindal et al. 1985; Conrath & Gautier 2000), given by
T
T0
=
m
m0
(22)
and
P
P0
=
(
m
m0
)(ν0
ν
)
, (23)
where the subscript 0 marks the old values of the tem-
perature (T ), pressure (P ), mean molecular weight of
the atmosphere (m), and the refractivity (ν). We use
more recent determinations of the composition of the
atmospheres of Saturn and Uranus (see the composi-
tions in Table 2), and Table 1 lists the scaling factors
for the temperature and the pressure that we apply to
the published profiles prior to computing the densities.
Although we use the same composition and temperature-
pressure profile for Neptune as originally published by
Lindal (1992), the model atmosphere of Neptune present
its own set of challenges, namely that the altitudes at
which a given pressure and temperature occur are not
specified. Only in Lodders & Fegley, Jr. (1998), based
on Lindal (1992), are the altitudes specified but only
Table 1. Published temperature-pressure altitude profiles
used in this work, and the corrective factor applied to the
temperature and pressure to account for an atmosphere
composition different from the referenced source (see Sec-
tion 3.1).
Planet Reference (T/T0) (P/P0)
Venus Seiff et al. (1985) - -
Jupiter Seiff et al. (1998) - -
Saturn Lindal et al. (1985) 1.084 1.123
Uranus Lindal et al. (1987) 1.141 1.075
Neptune Lodders & Fegley, Jr. (1998), 1 1
and Lindal (1992)
for pressures of 1 bar or lower. We compute the various
altitude interval between adjacent points for pressures
greater than 1 bar by assuming that the temperature
and pressure follow an adiabatic law with a constant
ratio of specific heat (see Section 3.4), which is itself
determined empirically from the temperature-pressure
power law index in each altitude interval of the model
atmosphere.
3.2. Location of refractive boundaries and their impact
on spectral features
For each planet, we compute the deflection for
80 rays evenly spread in grazing altitude from the
refractive boundary upward across the vertical ex-
tent of its atmosphere with MAKEXOSHELL, which
uses the new ray tracing algorithms described by
Be´tre´mieux & Kaltenegger (2015) and is accurate over
a large dynamical range of densities. This Fortran code
numerically integrates along the path of rays on the fine
altitude grid, starting from the density profile of the at-
mosphere and its composition. The required refractivity
is determined from the density and composition of the
atmosphere with Equ. 2, while the density scale height
is derived directly from the altitude dependence of the
density profile. Early versions of MAKEXOSHELL
(Be´tre´mieux & Kaltenegger 2015; Be´tre´mieux 2016) re-
quired human intervention at a few intermediate steps.
Given the aim of this paper, which requires comput-
ing the location of the refractive boundary over some
part of parameter space, we have substantially improved
MAKEXOSHELL such that all of the steps described in
Sections 3.1 and 3.2 (except for Equ. 22 and 23 which
modify the input temperature-pressure profile) are now
fully automated.
Most of the improvement pertains to the automatic
determination of the location of the refractive bound-
ary itself and the subsequent set-up of the rays, which
is done in the following fashion. We first determine the
location of the lower boundary by evaluating the left-
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Table 2. Refractive boundaries of solar system planets with thick atmospheres
Parameters Venus Jupiter Saturn Uranus Neptune
Input a
Volumetric radius (km) 6051.8 69911 58232 25362 24622
Mass (1024 kg) 4.8676 1898.3 568.36 86.816 102.42
Semi-major axis (AU) 0.7233 5.204 9.752 19.201 30.047
Atmospheric Composition b
H2 - 0.8620 0.8766
c 0.825 0.80
He - 0.1356 0.1189 d 0.152 0.19
CH4 - 1.81×10
−3 4.5×10−3 0.023 0.01
CO2 0.965 - - - -
N2 0.035 - - - -
Derived e
P ∗c (mbar) 154 24.7 15.3 6.5 4.9
Pc (mbar) 168 25.2 15.4 6.5 4.9
(rν/H)c 0.081 0.025 0.0091 0.0038 0.0024
P ∗lb (bar) 2.3 1.9 2.0
⋆
− 4.6 3.0⋆ − 36 3.2⋆ − 2.4
Plb (bar) 8.7 12.2 5.6
⋆
− 25 8.1⋆ − 460 8.8⋆ − 13
(rν/H)s
f 4.8 1.3 0.26 0.30 0.71
σc (10
−27 cm2 molec−1) 2.7 1.5 1.6 5.0 8.3
σlb (10
−29 cm2 molec−1) 30 2.5 0.62− 1.1⋆ 0.14 − 1.1⋆ 1.2
kc (10
−45 cm5 molec−2) 0.88 1.6 2.1 11 29
klb (10
−49 cm5 molec−2) 102 5.3 0.56− 1.7⋆ 0.025 − 0.81⋆ 1.0
ln(σc/σlb)
g 2.2 4.1 5.0⋆ − 5.5 6.1⋆ − 8.2 6.5
aSource: planetary fact sheets available on the NASA Space Science Data Coordinated Archive
(NSSDCA) website (https://nssdc.gsfc.nasa.gov/).
bSource: Lodders & Fegley, Jr. (1998), unless specified otherwise. Quantities are mole fractions.
cAdjusted so that the sum of all mole fractions is 1.
dSource: Conrath & Gautier (2000).
eLower boundaries for Saturn, Uranus, and Neptune are located deeper than the highest pressures
in their published temperature-pressure profile (Table 1). Quantities related to the location of the
lower boundary usually show two values which bracket the range of possible solutions: one, marked
with a ⋆, which assumes a constant (r/H) ratio below the deepest layer, and another one which
assumes an adiabatic profile. For Neptune, both solutions give about the same value.
fEvaluated at the bottom of the atmosphere model listed in Table 1. The lower refractive boundary
is located within the extent of the atmosphere model when this value is greater than one.
gDifference in effective atmospheric thickness between the two refractive continuums, expressed in
density scale height.
hand side of Equ. 6 on the fine altitude grid and finding
the lowest altitude where that value is just barely less
than one. We set-up the rays using this boundary as the
location of the deepest ray, and compute the deflection
of each ray across the limb. We then interpolate the
deflection values onto the fine altitude grid by assum-
ing that the ray deflection follows an exponential with a
constant scale height between the computed values. We
also compute on the fine altitude grid the critical deflec-
tion of the planet-star system (Equ. 11) using the inputs
from Table 2 and the radius of the Sun (6.96× 105 km).
We choose for our critical boundary the highest alti-
tude where the ray deflection is still larger than the
critical deflection. We then determine, from their graz-
ing altitudes, the impact parameter of both boundaries
(Equ. 3). From a planet’s temperature-pressure alti-
tude profile, we can translate grazing altitudes and im-
pact parameters to actual and apparent densities, as well
as pressures, by interpolation rather than from Equ. 5,
which is valid only for an isothermal atmosphere. From
the densities, we finally compute the various ‘surface’
cross-sections (Equ. 18 and 21).
The results from our calculations are displayed in Ta-
ble 2. As previously demonstrated by Be´tre´mieux & Kaltenegger
(2014) and Be´tre´mieux (2016), the critical pressure is
smaller for a planet further away from its star. We can
also see that at the low pressures of the critical bound-
ary, the (rν/H)c factor is much smaller than one, and
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the actual and apparent critical pressures are similar.
For our Jovian planets, the critical pressure is located
at low pressures, and refraction hides their tropospheric
clouds. For Venus, the situation is reversed, and the crit-
ical boundary is located below the optically thick clouds
of Venus whose top is situated at an average pressure of
37 mbar (or an average altitude of 70 km), as previously
pointed out by Garc´ıa Mun˜oz & Mills (2012). Thus, for
a Venus analog, dominated by hazes and clouds, refrac-
tion plays very little role on its transmission spectrum.
For solar system planets, lower boundaries are located
much deeper in the atmosphere than critical boundaries.
For Venus and Jupiter, where in-situ measurements are
available, we determine that the lower boundary occurs
at pressures on the order of 10 bar, deep in their tropo-
sphere, which translates to apparent pressures of about
2 bar. For Saturn, Uranus, and Neptune, the model at-
mospheres retrieved from Voyager 2 radio occultations
do not go deep enough to probe the lower boundary.
Indeed, the (rν/H)s factor at the bottom of the model
atmosphere is for these three planets less than one, and
we cannot use the method described earlier to determine
the location of the lower boundary. Instead, we consider
two possible solutions which bracket the possible range
of temperature gradients in these deeper regions. One
solution assumes that the temperature-pressure profile
follows an adiabatic law. In this case, we extrapolate the
temperature profile to larger pressures using the same
ratio of specific heat as in the deepest region of the model
atmosphere, and then proceed as before. The other solu-
tion, almost equivalent to an isothermal profile, assumes
that (r/H) is constant downward from the bottom of the
model atmosphere. In this approximation, the density
at the lower boundary is simply given by νlb ≈ Hs/rs
(see also Equ. 7), where quantities are evaluated at the
bottom of the measured atmosphere. It is interesting to
note that in the case of Neptune, even though the two
solutions of the pressure of the lower boundary differs,
the ‘surface’ cross-section is identical to two significant
digits. This clearly shows that knowing the deepest pres-
sure probed by refraction is not enough to understand
what happens to absorption features because the density
scale height of the atmosphere also matters.
The large difference between the critical and the lower
boundary, shown in Table 2, can potentially be a prob-
lem when trying to infer the transmission spectrum of an
exoplanet analog to a solar system planet, as we already
pointed out in Section 2.5. For example, Dalba et al.
(2015) recently used solar occultations viewed from the
Cassini spacecraft to build-up a transmission spectrum
of Saturn’s atmosphere. They claimed that refraction
was responsible for the observed continuum, which they
estimated was located at a pressure of 1.0±0.5 bar. They
further showed that the continuum had been shifted up-
ward by refraction from its actual location of about
2 bar, resulting in about a 10 part-per-million (ppm)
increase in the transit depth of the continuum, and a
corresponding decrease of the size of spectral features to
a maximum size of about 90 ppm. They concluded that
since cold planets such as Saturn could show as much
as 90 ppm of spectral modulation, that it demonstrated
that transmission spectroscopy was a viable technique
to study cold long-period exoplanets analog to Saturn.
Our results demonstrate that this is not the case. For
a solar occultation, the relevant refractive boundary is
the lower boundary, which their observations support.
Indeed, their continuum is located at a pressure of about
1 bar, a slightly lower pressure than the possible range of
pressures of 2–4.6 bar of the apparent lower boundary of
Saturn. We can only deduce that the continuum in their
spectrum must be due not only to refraction but also to
some opacity from clouds and gas extinction. However,
we determine that the critical boundary of Saturn is lo-
cated at about 15 mbar, a much lower pressure than
the claimed location of their continuum. We can esti-
mate the change in transit depth due to the change in
the location of the continuum. We compute that Sat-
urn’s critical boundary is located about 150 km (∆z)
above its 1 bar pressure level, which results in a change
of transit depth (2RP∆z/R
2
⋆) of about 36 ppm. Fig. 7
in Dalba et al. (2015) shows five prominent spectral fea-
tures from 1 to 5 µm, three of which have peaks about
45 ppm above the continuum, and the other two stand
at 55 pm and 90 ppm above the continuum. We can see
that a 36 ppm upward shift of the continuum severely
decreases the size of all spectral features except for the
largest one which is still reduced by about 40% in size.
Hence, the transmission spectrum of a cold long-period
exoplanet is probably nearly featureless except for the
strongest features, contrary to the conclusions reached
by Dalba et al. (2015).
A quick way to determine how much spectral fea-
tures are reduced by refraction, which does not require a
detailed radiative transfer computation, is through the
‘surface’ cross-sections which we provide for both refrac-
tive boundaries in Table 2. We can compare the mean
cross-section of the atmosphere to the ‘surface’ cross-
section which essentially defines the minimum mean
cross-section of the atmosphere which produces spec-
tral features. Any spectral features below that ‘surface’
cross-section will be severely decreased as demonstrated
in Fig. 6 in Be´tre´mieux & Swain (2017). This compar-
ison is trivial in the case when one species is predom-
inantly responsible for the opacity in a given spectral
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region, as only the abundance and the cross-section of
that species matter (Equ. 17). For CIA, we can hold
the exact same type of reasoning, except that the mean
cross-section depends on the product of the abundances
of two responsible species (Equ. 20), and that the com-
parison must be done to the ‘surface’ CIA cross-section.
As an example, let’s suppose that the extinction cross-
section of a species of interest ranges from 10−25 to
10−21 cm2 molec−1 inside an observed spectral range.
The maximum spectral modulation – change of effective
thickness, expressed in scale height or transit depth –
from a single species is simply given by the natural log-
arithm of the ratio of the maximum and minimum values
of the cross-section (see the detailed discussion in Sec-
tion 3.3 and 3.4 in Be´tre´mieux & Swain 2017), which
is here 9.2 scale height. For CIA, the same ratio of
cross-sections would lead to half the spectral modula-
tion (Equ. 19). The ‘surface’ cross-section of Uranus is
5× 10−27 cm2 molec−1. If our species of interest makes
up the bulk of the atmosphere and f ≈ 1, then no part
of its cross-section is hidden by refraction. If the abun-
dance of our species is 10−4, then the mean cross-section
ranges from 10−29 to 10−25 cm2 molec−1, and the maxi-
mum spectral modulation which can be observed is given
by ln(10−25/5×10−27), or about 3 scale heights. In this
particular example, the maximum size of the spectral
feature of our species has been reduced by more than a
factor of three from 9.2 to 3 scale heights. If the abun-
dance of our species is only 10−6, no part of the mean
cross-section has values above the ‘surface’ cross-section,
and that species is to first-order well hidden by refrac-
tion. Thus, the abundance of a species controls the size
of its spectral features above the refractive continuum
(Be´tre´mieux 2016), and above the continuum created
by clouds and surfaces (Be´tre´mieux & Swain 2017).
We can evaluate how many more scale heights of at-
mosphere does the refractive continuum in an exoplanet
transmission spectrum hides compared to a spectrum
constructed from solar system observations. This is done
by computing ln(σc/σlb), whose values for the different
planets are listed at the bottom of Table 2. This differ-
ence is at least four scale heights for the giant planets
and generally increases as the orbital distance increases.
Uranus displays a much larger value for its solution of
the adiabatic extrapolation because the lower boundary
is located at a high pressure of 460 bar, a direct conse-
quence of the steep temperature gradient at the bottom
of its model atmosphere. It is clear from Table 2 that the
shift in the refractive continuum is large for exoplanets
which are analogs to the cold long-period gas giants in
our solar system, and that transmission spectra inferred
from solar system observations overestimates the size of
spectral features compared to exoplanet transits.
3.3. Effective radius with opacity - Jupiter as an
example
The first-order method described at the end of Sec-
tion 3.2 to evaluate the impact of refraction on the
size of spectral features assumes that the atmosphere
is well-mixed and that its scale height is constant with
altitude. In this Section, we evaluate the impact of a
departure from the second assumption by looking in de-
tail at the atmosphere of Jupiter for which we have an
in-situ measurement of the temperature-pressure alti-
tude profile from the Galileo probe (Seiff et al. 1998).
We ignore on purpose the impact of clouds as the ef-
fects on transmission spectra of an optically thick cloud
deck (Be´tre´mieux & Swain 2017) and their patchy dis-
tribution around the planetary limb (Line & Parmentier
2016) are now well understood, and not the focus of this
paper.
Since we assume that the atmosphere is well-mixed,
the opacity of the atmosphere can be described by a
single quantity, the mean extinction cross-section of the
atmosphere (see Equ. 17), which is constant with alti-
tude. We then obtain the altitude-dependent limb opti-
cal depth (τσ) with
τσ = Nσ (24)
where N is the altitude-dependent column-integrated
abundance (N) along the limb, computed numerically
by MAKEXOSHELL (Be´tre´mieux & Kaltenegger 2015)
from the Jovian density altitude profile. We have
also upgraded MAKEXOSHELL to compute numeri-
cally the column-integrated square of the density (
〈
N2
〉
)
along the limb, which we use to compute the altitude-
dependent limb CIA optical depth (τk) with
τk =
〈
N2
〉
k. (25)
MAKEXOSHELL does these column-integration by
first computing the refractivity of the atmosphere from
its composition (see Section 2.1) and tracing the ray
through the atmosphere outward from a specified graz-
ing altitude (Be´tre´mieux & Kaltenegger 2015). We
treat the non-refractive case by setting the atmospheric
refractivity to zero, irrespective of the atmospheric com-
position.
Figure 3 shows the limb optical depth altitude pro-
file for atomic and molecular extinctions (triple-dotted
dashed line), as well as CIA (light blue line), for a range
of mean atmospheric cross sections in the non-refractive
case. The sum of both optical depths (black line) is
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Figure 3. Optical depth along a ray traversing the Jovian limb as a function of its projected altitude with respect to the
unrefracted 1 bar level for different opacities, assuming a well-mixed atmosphere. Opacities are quantified by the mean atmo-
spheric cross-section, given by σ = 10X cm2 molec−1 for atomic and molecular extinction, and k = 3 × 10X cm5 molec−2 for
collision-induced absorption (CIA), where X is the value next to each corresponding curve. The sum of both opacities is only
shown for a CIA cross-section value of 3× 10−47 cm5 molec−2. The figure shows that CIA becomes the dominant opacity only
in deeper atmospheric regions, with the transition occurring at lower altitudes as atomic and molecular extinction cross-sections
increase. Refraction substantially changes the optical depth altitude profile only in the refractive boundary layer, as described
in Sections 2.2 through 2.5, as well as Be´tre´mieux & Kaltenegger (2015).
also shown but only for a mean atmospheric CIA cross-
section value of 3×10−47 cm5 molec−2. Under the well-
mixed non-refractive atmosphere assumption, the opti-
cal depth traces the density profile of the atmosphere.
As expected, we can see from their differing slopes that
the relevant scale height for CIA optical depth is about
half that of the atomic and molecular extinction opti-
cal depth (de Wit & Seager 2013; Be´tre´mieux & Swain
2017). Figure 3 also shows that the atmosphere can be
separated in two regions: a lower altitude region where
CIA is the dominant source of opacity, and a higher al-
titude region where atomic and molecular extinctions
are. The span of altitudes where the two different opac-
ity sources have about the same optical depth is fairly
small. The transition occurs at an altitude where the
density n ≈
√
2(σ/k). As the (σ/k) ratio increases, the
transition occurs at a higher density, or lower altitude.
The slope of the limb optical depth with altitude is
dependent on the scale height, and hence the tempera-
ture, of the atmosphere. Shallower slopes occur in the
higher temperature regions, or the troposphere (low alti-
tude) and the thermosphere (high altitude). The chang-
ing temperature with altitude of Jupiter’s atmosphere is
responsible for the changing slope with altitude of the
optical depth. If Jupiter’s temperature was isothermal,
the slope would be nearly constant with altitude as grav-
ity only modifies slightly the scale height of the atmo-
sphere with altitude. Refraction modifies the limb opti-
cal depth only in the deeper regions of Jupiter’s atmo-
sphere (red line), and causes the limb optical depth to in-
crease dramatically with decreasing altitude, essentially
mimicking a surface (Be´tre´mieux & Kaltenegger 2015).
Even in the absence of clouds, the effect of Jupiter’s re-
fractive boundary layer (also discussed in Sections 2.2
through 2.5) hides the temperature signature of its tro-
posphere in an occultation observation geometry, as the
slope of the limb optical depth with altitude never be-
comes shallower at lower altitudes, and instead becomes
infinite.
From the altitude-dependent limb optical depth, we
can compute the effective atmospheric thickness of
Jupiter’s atmosphere, viewed in an exoplanet tran-
sit geometry, using the generalized vertical integration
scheme presented by Be´tre´mieux & Swain (2017). Fig-
ure 4 shows how the atmospheric thickness of Jupiter’s
atmosphere, referenced to the unrefracted 1 bar pressure
level, changes with the mean atomic and molecular ex-
tinction cross-section of the atmosphere. This is shown
Hidden depths of planetary atmospheres 13
Figure 4. Effective atmospheric thickness of a well-mixed
Jovian atmosphere with respect to the unrefracted 1 bar
pressure level as a function of the mean atomic and molec-
ular extinction cross-section. The solid lines include con-
tribution from CIA, with cross-section values given by k =
3×10X cm 5 molec−2 where X is specified in the legend. The
broken lines, which ignore contribution from CIA, show how
the refractive critical (CB) and lower (LB) boundaries (see
Sections 2.3 and 2.5) compete with CIA. This figure shows
that CIA and refraction only become important in spectral
regions where opacity from atomic and molecular extinction
is low enough. It also shows the effect of a non-isothermal
temperature profile on transmission spectra (see also Fig. 5
and the discussion in Section 3.4). In an exoplanet transit
geometry, Jupiter’s critical refractive boundary erases all but
the strongest spectral signatures of CIA.
for several values of the mean CIA cross-section in the
non-refractive case (see figure caption), as well as for
refractive cases without any CIA contribution to the
total optical depth. Figure 5 focusses on the lower
regions of the atmosphere with an additional curve (or-
ange line) which has no contribution from either CIA
or refraction. The range of values chosen for the mean
CIA cross-section spans values of the H2-H2 CIA cross-
section measured from 150 to 1000K (Borysow 2002).
The signature of a non-isothermal temperature struc-
ture is manifest by the non-constant slopes of the various
lines in Fig. 4 and 5 representing the non-refractive cases
(see Section 3.4 for a detailed discussion), except at very
low opacities where the effective atmospheric thickness
tends to a minimum and the slope tends to zero. The lat-
ter is a signature of the underlying constant mean CIA
cross-section used in the calculation, which becomes the
dominant opacity source at these low mean cross-section
Figure 5. Test of the ‘surface’ cross-section concept
(Be´tre´mieux & Swain 2017) for a non-isothermal tempera-
ture profile. This figure zooms-in on the lower opacity and
lower effective atmospheric thickness corner of Fig. 4 (see its
figure caption) with two additional features: the orange line
displays the effective atmospheric thickness of the Jovian at-
mosphere when neither CIA nor refraction are included in
the calculations. The near-constant atmospheric thickness
at the lowest mean extinction cross-sections is simply due
to our computational ‘surface’ at 22 bar, the highest pres-
sure for which the Galileo probe reported temperature mea-
surements (Seiff et al. 1998). From top to bottom, the top
four crosses track the ‘surface’ cross-section associated with
Jupiter’s critical boundary around a G2, K5, M2 and M5
star, while the bottommost cross tracks the ‘surface’ cross-
section associated with the lower refractive boundary. The
fact that the crosses follow the orange curve implies that
the concept of the ‘surface’ cross-section functions reason-
ably well even for a non-constant scale height atmosphere.
values. As the mean CIA cross-section increases, this
minimum effective thickness also increases. In the case
of the orange curve in Fig. 5 which does not include
any CIA opacity, the minimum effective thickness sim-
ply coincides with the bottom of the atmosphere defined
by the lowest altitude probed by the Galileo probe which
we treated as a ‘surface’ below which the atmosphere is
completely opaque.
Figures 4 and 5 also show the minimum effective thick-
ness of Jupiter’s atmosphere from the refractive contin-
uum for both solar system observations (lower bound-
ary) and exoplanet transits (critical boundary). As with
CIA opacity, the effects of refraction are only apparent
in spectral regions of low opacity from atomic and molec-
ular sources of extinction. Comparison with published
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CIA cross-sections (e.g. Borysow, Jørgensen & Fu 2001;
Borysow 2002) reveals that Jupiter’s lower boundary
(dot-dashed line) hides its deep troposphere and fills-
in partly the minima between H2-H2 CIA bands. In
contrast, the critical boundary is located almost 90 km
above the lower boundary and hides all but the strongest
CIA features.
To test how well the ‘surface’ cross-section concept
works for refraction in the case of a non-isothermal at-
mosphere, we need to see if the effective thickness of a
clear non-refractive atmosphere matches that of the re-
fractive continuum when the mean cross-section of the
clear atmosphere equals the ‘surface’ cross-section. We
thus compute the critical boundaries, and their cor-
responding ‘surface’ cross-sections, for a Jupiter-twin
orbiting various stars (G2, K5, M2, and M5 spectral
class) to see how well these different ‘surface’ cross-
sections track the effective thickness of the refractive
continuum. To determine the orbital distance of a
Jupiter-twin around stars with a spectral class differ-
ent from our Sun, we used the method described in
Be´tre´mieux & Kaltenegger (2014) with the stellar effec-
tive temperatures and radii listed in their Table 1. The
method finds the orbital distance which holds the radi-
ation flux at the top of the atmosphere identical to that
received by Jupiter in our solar system, assuming that
the luminosity of the star is given by that of a perfect
blackbody at the specified effective temperature.
The topmost four crosses in Fig 5 show the surface
cross-section associated with the continuum of the crit-
ical boundary of a Jupiter-twin orbiting a G2, K5, M2,
and M5 star (from top to bottom) while the bottommost
cross show the surface cross-section associated with the
continuum of the lower boundary. The fact that all the
crosses fall very closely onto the orange curve shows that
the ‘surface’ cross-section does work to first order, even
in a non-isothermal atmosphere, and that it can be used
to determine the mean cross-section value below which
spectral features may be hidden by the refractive bound-
ary. However, since the scale height is not constant, it is
not straightforward to then translate an effective thick-
ness expressed in units of scale height, obtained with
Equ. 16 and 19, into a transit depth. Instead, this must
be computed numerically, as we have done in this Sec-
tion.
3.4. Effects of non-isothermal temperature profiles on
transmission spectra
Figure 4 and 5 are particularly interesting be-
cause they illustrate the potential signatures of a
non-isothermal atmosphere in an exoplanet’s trans-
mission spectrum, as we now demonstrate. Indeed,
Lecavelier des Etangs et al. (2008) have shown that for
a clear well-mixed atmosphere the spectral change in
the effective atmospheric thickness (h) of the planet is
connected to the spectral change of the atmosphere’s
opacity by
dh
dλ
= HP
d(lnσ)
dλ
(26)
where λ is the observed wavelength of the radiation.
Be´tre´mieux & Swain (2017) have shown analytically
that the pressure scale height (HP ) should be replaced
with the density scale height (H) for sources of opacity
beside CIA (see also Equ. 16). For CIA, the relevant
length scale is H/2.
The density scale height is given by
1
H
=
mg
kBT
+
∇zT
T
=
1
HP
+
∇zT
T
(27)
(Chapter 1 in Chamberlain & Hunten 1987), where m
is the mean molecular weight of the atmosphere, g is
the gravitational acceleration, kB is the Boltzmann con-
stant, ∇zT is the vertical temperature gradient, and HP
is the pressure scale height. The pressure and density
scale height are identical only in isothermal atmospheric
regions where ∇zT is zero. Atmospheric regions with
similar temperatures can have different scale height be-
cause the vertical temperature gradient is not necessar-
ily the same. Regions with negative gradients, such as
the troposphere, have larger scale height than the pres-
sure scale height, while regions with positive gradients,
such as the lower thermosphere, have a smaller scale
height than the pressure scale height.
How much larger than the pressure scale height can
the density scale height be? The largest negative vertical
temperature gradient sustained by an atmosphere, be-
fore the atmosphere becomes convectively unstable and
restores that gradient, is given by
∇zT = − g
CP
= −
(
γ − 1
γ
)
mg
kB
(28)
for a dry adiabat. Here, γ = CP /CV is the ratio of
specific heats, where CP and CV are the gas specific heat
for constant pressure and constant volume, respectively.
This means that for a dry adiabat,
∇zT
T
= −
(
γ − 1
γ
)
1
HP
(29)
which yields, after substitution in Equ. 27 and a few
algebraic manipulations, the simple result that
H = γHP . (30)
To first order, γ = 5/3 for monatomic gases, and γ = 7/5
for diatomic gases. Hence, the density scale height is
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significantly larger (about 40%) than the pressure scale
height in precipitation-free convective regions of H2 and
N2 atmospheres.
Since the density scale height is independent of wave-
length, Equ. 26 (with HP replaced by H) can be recast
as
dh
d(lnσ)
= H (31)
which is simply given by the slopes of the various curves
in Fig. 4 and 5. Thus, Fig. 4 and 5 show how the tem-
perature profile in the Jovian atmosphere modulates the
size of spectral features in its transmission spectrum.
The same change in lnσ maps to a different change
in the effective atmospheric thickness depending on the
probed atmospheric region. This is readily seen also by
inspecting in Fig. 5 how the minimum effective thick-
ness due to CIA changes with CIA opacity. Indeed,
a one order of magnitude change from 3 × 10−50 to
3 × 10−49 cm5 molec−2 changes the minimum effective
thickness of the atmosphere by about 60 km whereas a
change by two orders of magnitude from 3 × 10−47 to
3×10−45 cm5 molec−2 changes it by only 40 km. Except
in the troposphere and the lower thermosphere where
temperature changes are large, the effects of a changing
temperature with altitude are otherwise very subtle, as
pointed out by Barstow et al. (2013) in their study of
the effects of the assumption of an isothermal tempera-
ture profile on the retrieved abundances of species from
exoplanet transmission spectra.
This modulation of the size of spectral features by an
atmosphere’s temperature profile occurs in all transmis-
sion spectra of exoplanets, and the temperature change
from the stratosphere to the thermosphere has been de-
tected in a few exoplanets (HD 189733b, HD 209458b)
from high spectral resolution transmission spectra cen-
tered on the core of atomic lines (Vidal-Madjar et al.
2011; Huitson et al. 2012; Vidal-Madjar et al. 2013).
The transmission spectrum of a non-isothermal atmo-
sphere is distorted compared to that of an isothermal
atmosphere in similar way as our reflections are dis-
torted by fun house mirrors. Regions of larger scale
height stretches in the vertical direction spectral features
which probe these regions, while regions of smaller scale
height compresses them. It is interesting to note that
in the case of Jupiter’s atmosphere, the lower refrac-
tive boundary modifies the slope in the troposphere and
masks the signature of its decreasing temperature with
altitude in transmission spectra built-up from occulta-
tion measurements. Jupiter’s critical boundary hides it
even further. In hotter atmospheres, refractive bound-
aries are located deeper (see Section 4.2 and Be´tre´mieux
2016) and may not be so efficient as Jupiter’s atmo-
sphere at hiding the temperature signature of the tro-
posphere, but that could be accomplished by clouds in-
stead.
4. EXOPLANETS
4.1. Method
Having demonstrated the use of the ‘surface’ cross-
section concept as a metric to quantify the effects of
refraction on the giant planets in our solar system, we
now extend that concept to exoplanets and explore how
the ‘surface’ cross-section associated with the critical
boundary changes with various parameters. We con-
sider parameters which affect the lensing power of the
atmosphere, such as the scale height and refractivity of
the planet’s atmosphere, as well as the size of the planet,
but also the spectral class of the host star which drives
the temperature of the atmosphere. We use the same
method as discussed in Section 3.2 to determine the lo-
cation of the critical boundary. The only difference is the
input density altitude profile. The radius of the planet
is defined at a reference pressure of 1 bar, while the bot-
tom of the atmosphere is set at a pressure of 500 atm.
We spread 80 rays in constant altitude intervals over 30
pressure scale height, of which the latter is evaluated at
the bottom of the atmosphere.
As in Be´tre´mieux (2016), we assume that exoplanets
are perfectly spherical and that their atmospheres follow
a density altitude profile corresponding to an isother-
mal temperature-pressure profile at the mean planetary
emission temperature (Te), with a gravitational acceler-
ation which varies with altitude. We use a Bond albedo
of 0.30, a value similar to Earth and the gas giants in our
solar system. The mean planetary emission temperature
is identical to the equilibrium temperature (Teq), often
discussed in the exoplanet literature (Seager 2008), with
an even heat redistribution. This simplifying assump-
tion allows us to relate the planetary temperature to the
orbital distance of the planet given the star’s spectral
type, a necessary step to determine trends in the loca-
tion of the critical boundary with planetary and stellar
temperatures.
As discussed in Section 3, we have upgraded MAKEX-
OSHELL (Be´tre´mieux & Kaltenegger 2015) with the ca-
pability to compute the column-integrated square of the
density along the path of a refracted ray, necessary to
compute the CIA optical depth with grazing altitude.
We have also automated the computation of the location
of the various refractive boundaries from the planetary
bulk properties (radius, mass, and atmospheric composi-
tion), the planetary atmosphere’s temperature, and the
spectral class of the host star. The location of the re-
fractive boundaries are computed by MAKEXOSHELL
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Figure 6. Actual (dot-dashed line) and apparent (solid line)
critical boundary pressure for a Jupiter-like planet as a func-
tion of its isothermal temperature (100 - 2000 K) around
different host stars.
in term of their altitude, the density and pressure of
the atmosphere, both for the actual and the apparent
boundary, which are then also converted into their re-
spective ‘surface’ cross-sections as well.
4.2. Jovian exoplanets
We first consider an exoplanet with the size, mass, and
bulk atmospheric composition of Jupiter as listed in Ta-
ble 2. We expand upon the parameter space explored
in Be´tre´mieux (2016). Not only do we add M5 stars to
the list of stellar spectral type (F0, G2, K5, M2), but
more importantly we consider a much larger number of
planetary temperatures than Be´tre´mieux (2016), which
only considered planetary temperatures of 300, 600, and
1200 K. We compute the actual and apparent location of
the critical boundary for planetary temperatures rang-
ing from 100 to 2000 K, in increments of 50 K, for a
planet orbiting each of the stellar spectral type consid-
ered. We show the results in Fig. 6.
We find that the location of the critical boundary
goes to regions of lower pressure – higher altitudes – for
planets orbiting hotter host stars, as well as lower at-
mospheric temperatures, in agreement with Be´tre´mieux
(2016). We also find that the differences in the ap-
parent pressure location of the critical boundary, across
the range of considered stellar spectral classes, decreases
with increasing planetary temperature. This occurs be-
cause as the planetary temperature increases, the crit-
ical boundary approaches the lower boundary, where
Figure 7. Pressure probed by H2 - H2 CIA over the spectral
range (0.6 - 30 µm) covered by all JWST instruments for an
isothermal Jovian-like planet at the indicated temperature.
We use the CIA cross-sections of Borysow et al. (2001) and
Borysow (2002) for our calculations.
not only does a change in the ray deflection requires
a smaller altitude change in the grazing radius of the
ray, but the effective scale height of the atmosphere also
decreases (see Section 2.4). This fact had also been
demonstrated by Be´tre´mieux (2016), who showed that
for a planetary temperature of 1200 K the location of
the refractive continuum was close enough to the lower
boundary that its location was almost independent of
stellar spectral type.
What had not been demonstrated by Be´tre´mieux
(2016) is how the apparent location of the critical bound-
ary of an isothermal atmosphere with a Jupiter-like com-
position compares with the pressures probed by CIA,
both of which are determined by the bulk composition
of the atmosphere. The pressure probed by CIA (PCIA)
is given by
PCIA =
(
GMPm
pi
)1/4(
kBT
RP
)3/4(
e−γEM
k
)1/2
(32)
for an isothermal atmosphere. Here, the universal con-
stant of gravitation (G) and the planetary mass (MP )
are the only quantities which we have not yet de-
fined. We derive Equ. 32 by asking at what pres-
sure does the CIA optical depth along a non-refracted
ray equal e−γEM (≈ 0.56, Lecavelier des Etangs et al.
2008; de Wit & Seager 2013) given the mean CIA cross-
section (k, see Equ. 20) of a Jovian atmosphere. The
pressure probed by CIA as a function of wavelength
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Figure 8. ‘Surface’ extinction cross-section (σc) for a
Jupiter-like planet as a function of its isothermal temper-
ature (100 - 2000 K) around different host stars.
is shown in Fig. 7 for the non-refractive case for four
different temperatures (400, 700, 1000, and 2000 K).
We consider only the most important source of CIA ab-
sorption in Jupiter’s atmosphere which is from H2-H2,
and use the H2-H2 CIA cross-section values published
by Borysow et al. (2001) and Borysow (2002).
A comparison of Fig. 6 and 7 is instructive. The crit-
ical boundary of Jovian exoplanets hotter than 1000 K
is located at an apparent pressure greater than 10 bar,
and CIA absorption features are not impacted by re-
fraction because all CIA features probe lower pressures
than this at these temperatures. At 400 K, the critical
boundary can mask various parts of the near-infrared
CIA features, depending on the spectral class of the
host star. Below 200 K, even the size of the strongest
CIA features are significantly reduced by refraction.
Robinson et al. (2017) reached similar conclusions from
simulations done at three temperatures: 150, 300, and
500 K.
A different but equivalent approach consists in com-
paring values of the ‘surface’ cross-section to the mean
atmospheric cross-section (see example in Section 3.2).
Figures 8 and 9 give the corresponding ‘surface’ cross-
section to the apparent location of the critical boundary
shown in Fig. 6 for atomic and molecular extinction,
and CIA, respectively. The advantage of these two fig-
ures over Fig. 6, is that observers can get a quick answer
as to whether or not their favorite spectral features are
reduced or hidden by refraction by simply looking up
extinction cross-sections, factor in the expected abun-
Figure 9. ‘Surface’ CIA cross-section (kc) for a Jupiter-
like planet as a function of its isothermal temperature (100
- 2000 K) around different host stars.
dances of the responsible species, and determine if any
part of the computed mean cross-section is lower than
the ‘surface’ cross-section.
We caution the readers that if refractive boundaries
are located deep enough that they should lie inside the
planet’s troposphere where the temperature decreases
with altitude, then the refractive boundaries will in fact
be located deeper than we predict due to the atmo-
sphere’s larger scale height. In such cases, refraction
has even less of an effect on transmission spectra than
our simple method suggests. However, it is also very
likely that refraction did not have much of an impact to
begin with, such that our point might be moot.
Table 3 lists the location of the critical boundary for
some of the first exoplanets that will be targeted by
JWST through the GTO and the ERS (Early Release
Science) program, which we rank in order of decreasing
temperatures. We chose the properties of the exoplanets
by first perusing through the NASA Exoplanet Archive
(Akeson et al. 2013), and selecting sources with a com-
plete coherent set of parameters sufficient to compute
the location of the critical boundary. We assume that
the bulk composition of their atmosphere is the same
as Jupiter’s. All of these planets are about the size
of Jupiter, except for HAT-P-26b which is Neptune-
sized. Although Kepler-167e (Kipping et al. 2016), a
true Jupiter analog, is not on the GTO or ERS target
list of JWST, we have included it to emphasize the dra-
matic effect that the planetary temperature has on the
location of the critical boundary. For all the hot ex-
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Table 3. Refractive boundaries of some giant exoplanets assuming a Jovian atmospheric composition
Planet Te
a P∗c (bar) σc (10
−28 cm2 molec−1) kc (10
−48 cm5 molec−2) (rν/H)c Source
b
WASP-17b 1615 172 0.0020 0.00037 0.45 Bento et al. (2014)
HD 209458b 1305 62.7 0.0098 0.0040 0.51 Knutson et al. (2007)
WASP-43b 1262 18.0 0.092 0.13 0.89 Hellier et al. (2011)
HD 189733b 1090 24.4 0.037 0.0330 0.70 Southworth (2010)
WASP-39b 1025 69.9 0.0053 0.0015 0.35 Maciejewski et al. (2016)
HAT-P-26b 909 80.3 0.0075 0.0017 0.23 Hartman et al. (2011)
Kepler-167e 134 0.0465 9.0 500 0.051 Kipping et al. (2016)
aAssumes a Bond albedo of 0.30
bReference for planetary and stellar parameters
Figure 10. ‘Surface’ cross-section (σc) for an Earth-like
planet as a function of its isothermal temperature (100 -
2000 K) around different host stars for two different atmo-
spheric composition: H2 (dot-dashed lines), and CO2 (solid
lines). The observed deflection of the H2 curves at high tem-
perature simply means that grazing radiation can reach the
surface of the planet at a pressure of 500 atm.
oplanets, the critical boundary is located close to the
lower boundary as the factor (rν/H) evaluated at the
critical boundary is fairly close to one. Indeed, assum-
ing a constant scale height, (rν/H)c ≈ (nc/nlb). Among
the hot exoplanets, this factor is smallest for HAT-P-26b
essentially because of its smaller size. The low values of
the CIA ‘surface’ cross-section (kc) implies that spectral
features from CIA are not impacted by refraction, and
that CIA – not refraction – potentially determines the
highest pressure that can be probed in the infrared in
these hot exoplanets. For the cold Kepler-167e, exactly
the opposite occurs.
4.3. Terrestrial exoplanets
Figure 11. ‘Surface’ CIA cross-section (kc) for an Earth-
like planet as a function of its isothermal temperature (100
- 2000 K) around different host stars for two different atmo-
spheric composition: H2 (dot-dashed lines), and CO2 (solid
lines). The observed deflection of the H2 curves at high tem-
perature simply means that grazing radiation can reach the
surface of the planet at a pressure of 500 atm.
The importance of refraction in transmission spectra
can be a different story for terrestrial exoplanets than
for Jovian exoplanets. Not only is the lensing power of
an atmosphere lower for smaller planets, but the com-
position of their atmospheres can be quite different, and
the amount of gas making up the atmosphere is finite
compared to gas giants. Thus, the actual pressure at
the surface may define the largest pressure that can be
probed if the atmosphere is thin. However, we focus here
on thick atmospheres with a surface pressure of 500 atm
and explore how the location of the critical boundary de-
pends on the bulk composition of the atmosphere. We
assume that the radius of the planet is located at a ref-
erence pressure of 1 bar, as we did for Jovian planets.
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Table 4. Refractive boundaries of some terrestrial exoplanets for different pure atmospheric compositions
P∗c (bar) σc (10
−28 cm2 molec−1) kc (10
−48 cm5 molec−2)
Planet Te
a (rν/H)c
b He H2 N2 CO2 He H2 N2 CO2 He H2 N2 CO2
GJ1214b 550 0.22 - 0.70 102 40.6 2.68 1.19 0.011 0.020 1.0 2.9 0.0011 0.0053 4.2 27
TRAPPIST-1b 366 0.12 - 0.45 79.2 29.7 2.63 1.24 0.018 0.036 1.3 3.5 0.0016 0.0088 3.6 20
TRAPPIST-1c 313 0.12 - 0.45 35.9 13.6 1.16 0.55 0.047 0.089 3.7 9.7 0.0079 0.040 19 110
TRAPPIST-1d 264 0.061 - 0.25 33.6 12.3 1.29 0.64 0.042 0.083 2.6 6.7 0.0064 0.035 11 54
TRAPPIST-1e 230 0.055 - 0.23 19.1 7.0 0.73 0.36 0.063 0.12 4.1 10 0.015 0.079 25 130
TRAPPIST-1f 200 0.044 - 0.19 12.4 4.5 0.49 0.25 0.077 0.15 4.9 12 0.024 0.13 40 190
TRAPPIST-1g 181 0.051 - 0.22 6.5 2.4 0.25 0.12 0.17 0.33 12 29 0.092 0.48 170 830
aAssumes a Bond albedo of 0.30
bLowest value is that of a pure H2 atmosphere, while the highest is that of a pure CO2 atmosphere.
Figures 10 and 11 show the ‘surface’ cross-section of
the critical boundary for exoplanets with the size and
mass as Earth, orbiting M5, M2, K5, G2, and F0 stars,
for atomic and molecular extinction, and CIA, respec-
tively. As for Jovian exoplanets, we vary the atmo-
spheric temperature from 100 to 2000 K in 50 K inter-
vals, but we now compute the critical boundary for two
different types of atmosphere: a pure H2 and a pure CO2
atmosphere. Both figures show that the ‘surface’ cross-
sections of the critical boundary increases by several or-
ders of magnitude from an H2 to a CO2 atmosphere.
This occurs because both the refractivity and the mean
molecular weight of CO2 are larger than H2. For an
H2 atmosphere, the 500 atm surface can be probed if
the atmospheric temperature is above 900 K when the
planet orbits an M5 star, as indicated by the part of the
curve with the positive slope which tracks the apparent
location of the surface. The atmospheric temperature at
which the critical boundary reaches the surface increases
as the temperature of the host star increases.
Comparison between Earth-sized and Jovian-sized
planets of the two types of ‘surface’ cross-section re-
veal that the ‘surface’ cross-sections of H2 atmospheres
are lower for Earth-sized planets. The ‘surface’ cross-
sections of a pure CO2 atmosphere of an Earth-sized
planet are however higher than that of a Jovian planet
because the higher lensing power of a CO2 atmosphere
more than compensates for the lower lensing power of
a smaller planet. Just as in Jovian planets, the pure
CO2 atmosphere of an Earth-sized planet also exhibit
a decrease in spread of ‘surface’ cross-sections values
between the different host stars with increasing temper-
atures. This is a telltale sign that the critical boundary
approaches the lower boundary well inside the refractive
boundary layer at these hotter temperatures.
With the discovery of the TRAPPIST-1 system
(Gillon et al. 2016; de Wit et al. 2016; Gillon et al.
2017) – a system of at least seven terrestrial planets
orbiting an M8 star – characterization of the composi-
tion of atmosphere of terrestrial exoplanets is a reality
that is taking shape now. Some of the members of that
system will be targeted by JWST during its GTO pro-
gram. Given the importance of the atmospheric bulk
composition on the location of the critical boundary,
and the fact that terrestrial planets can accommodate
a large diversity of atmospheres, one might wonder how
the bulk composition of the atmosphere might affect
the integration time required to detect various chemi-
cal species. We provide a method to estimate this in
the presence of refractive effects for the TRAPPIST-1
planets by exploring how the critical boundary changes
with the bulk composition of their atmosphere and ex-
pressing it in term of its ‘surface’ cross-section. We use
the planetary and stellar parameters which appear in
Gillon et al. (2017). We do not include TRAPPIST-1h
in our calculations because there are no estimate of its
mass. We compute the atmospheric temperature in the
same manner as the Jovian planets (see Section 4.2),
and list them in Table 4.
We consider four different gases (H2, He, N2, and
CO2), and characterize the different atmospheric com-
positions in term of the resulting mean molecular weight
of the mixture of these gases. We only consider bi-
nary mixtures of gases with neighboring mean molec-
ular weight (H2-He, He-N2, and N2-CO2) to avoid pos-
sible compositional degeneracies for a given mean molec-
ular weight. Since lighter gases escape planetary atmo-
spheres more readily than heavier gases, this potentially
covers different end products of atmosphere stripping
scenarios where a terrestrial planet that has undergone
little atmospheric loss is composed of primordial H2 and
He, whereas it is predominantly composed of He (Hu,
Seager, & Yung 2015), N2 (Earth-like), or CO2 (Venus-
like) with increasing loss of the primordial atmosphere.
The ‘surface’ cross-sections for atomic and molecular
extinction, and for CIA, are shown in Fig. 12 and 13,
respectively, as a function of the mean molecular weight
of the atmosphere for the TRAPPIST-1 planets. As
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Figure 12. ‘Surface’ cross-section (σc) as a function
of the mean molecular weight of the atmosphere for the
TRAPPIST-1 planets. We assume that the atmosphere is
composed of a binary mixture (H2-He, He-N2, and N2-CO2)
of only the two gases (identified with red tick marks) brack-
eting a given mean molecular weight.
expected, the ‘surface’ cross-section generally increases
as the orbital distance of the planet increases, because
the refractive continuum is located at a higher altitude.
The only exception to this trend is between TRAPPIST-
1c and -1d, where the much smaller radius of -1d de-
creases the lensing power of the atmosphere sufficiently
that it overcomes the distance dependence. The smallest
‘surface’ cross-section occurs for a pure He atmosphere,
because helium’s low refractivity decreases its lensing
power compared with an H2 atmosphere, in spite of its
higher mean molecular weight. A pure CO2 atmosphere
has the highest ‘surface’ cross-section. The difference in
‘surface’ cross-sections between the He and CO2 atmo-
sphere amounts to a difference in location of the crit-
ical boundary of about ln(σc(CO2)/σc(He)) ≈ 5 scale
height – a substantial difference. This implies that as
the mean molecular weight of the atmosphere increases,
not only do the size of spectral features decrease because
of the decreasing scale height, but the refractive contin-
uum shifts to higher altitudes, except in the H2 to He
transition, reducing the size of spectral features further.
The apparent locations of the critical boundary, and
their conversion into ‘surface’ cross-sections, for the var-
ious pure atmospheres are also summarized in Table 4,
not only for the TRAPPIST-1 planets, but also for
GJ1214b – an exoplanet which has received a lot of
attention – for which we used the maximum probabil-
Figure 13. ‘Surface’ CIA cross-section (kc) as a function
of the mean molecular weight of the atmosphere for the
TRAPPIST-1 planets. We assume that the atmosphere is
composed of a binary mixture (H2-He, He-N2, and N2-CO2)
of only the two gases (identified with red tick marks) brack-
eting a given mean molecular weight.
ity value of Anglada-Escude´ et al. (2013) for the plan-
etary and stellar parameters. The hotter temperature
of GJ1214b generally causes the critical boundary to be
located at substantially larger pressures than any of the
TRAPPIST-1 planets except for the N2 and CO2 at-
mosphere. For these atmospheres, the critical boundary
is located close to the lower boundary, as shown with
a (rν/H) factor (≈ nc/nlb for a constant scale height)
close to one. The much larger radius of GJ1214b causes
that factor to be significantly larger, and the result-
ing upward shift of the apparent boundary with respect
to the actual one causes the apparent pressure of the
critical boundary in a CO2 atmosphere to be lower for
GJ1214b than for TRAPPIST-1b. Irrespective of the lo-
cation of the critical boundary, changing the atmosphere
of GJ1214 from H2 to CO2 changes the transit depth per
scale height, evaluated at the critical boundary, from
about 350 to 21 ppm, smaller than the spectral mod-
ulation of about 100 ppm observed by Kreidberg et al.
(2014). However, the lack of correlation between the
transmission spectrum and that of a pure CO2 atmo-
sphere favors clouds to explain the fairly flat spectrum.
To illustrate how to use Fig. 12 and 13, let’s con-
sider an example with TRAPPIST-1e (green line) for
atomic and molecular extinction (Fig. 12). Let us sup-
pose that a molecule of interest has a cross-section which
ranges from 10−25 to 10−22 cm2 molec−1. If atmo-
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spheric models predict an abundance of 10−2 (mole frac-
tion), then the mean cross-section ranges from 10−27
to 10−24 cm2 molec−1, assuming that the contribution
from other sources of opacity is negligible. Since the
‘surface’ cross-section never goes above these values,
except barely for a pure CO2 atmosphere, refraction
does not reduce the size of that spectral feature, and
its spectral modulation is ln(10−24/10−27) ≈ 7 scale
height. If atmospheric models predict an abundance of
10−5, then the mean cross-section ranges from 10−30
to 10−27 cm2 molec−1, and the effects of refraction de-
pends on the bulk composition of the atmosphere. For a
pure H2 atmosphere, the ‘surface’ cross-section is above
10−29 cm2 molec−1, so that its spectral modulation is
less than ln(10−27/10−29) ≈ 4.6 scale height. In this ex-
ample, refraction decreases the size of the spectral fea-
ture by at least a third from 7 to 4.6 scale heights. For
a pure CO2 atmosphere, the ‘surface’ cross-section is
larger than the maximum mean cross-section, and the
spectral feature is completely hidden by refraction. One
can use the same method with CIA on Fig. 13, except
that one must multiply the CIA cross-section by the
product of the abundance of the two species responsi-
ble for the CIA feature to obtain the mean CIA cross-
section. To obtain the spectral modulation expressed in
scale height, one must further divide by two the natu-
ral logarithm of the ratio of relevant CIA cross-sections
(Equ. 19).
This comparison is potentially complicated by the fact
that the extinction cross-sections of gases vary with tem-
perature and pressure, which can lead to non-negligible
changes in the extrema of opacities, and in the atmo-
spheric pressures probed. Indeed, cross-sections com-
puted at higher pressures and temperatures generally
have a lower contrast between the minimum and max-
imum values of the bands. However, some sources
of opacity, such as Rayleigh scattering, hardly change
with pressure and temperature, and this comparison can
be done easily. One should ideally use cross-sections
at the highest possible spectral resolution and at the
relevant conditions of temperature and pressure, and
determine in the spectral regions of interest how the
computed mean cross-section compares to the ‘surface’
cross-section. Since we only consider isothermal atmo-
spheres, it is sufficient for the comparison to use a cross-
section close to the equilibrium temperature of the at-
mosphere for which the ‘surface’ cross-section was com-
puted. We provide these equilibrium temperatures in
Tables 3 and 4, and show them in Figures 8 through 11.
Since cross-sections have no significant pressure depen-
dence below a transition pressure (see Eq. A1 and the
detailed discussion on collisional broadening in the Ap-
pendix), cross-sections at low pressures can be approx-
imated by a cross-section computed at zero pressure.
Hence, if one wants to know how many scale heights the
peak of an absorption features rises above the refractive
continuum, one can compare the ‘surface’ cross-section
to the mean cross-section computed at zero pressure be-
cause most prominent absorption bands probe these low
pressures. If instead, one wants to know whether the
refractive continuum hides the continuum created by
molecular extinction, one should instead use the mean
cross-section at the apparent critical pressure. Differ-
ences between these two scenarios can yield the spectral
modulation present in the transmission spectrum. In-
deed, the transmission spectrum of an exoplanet tran-
sitions from one computed using zero pressure cross-
sections near the pear of absorption bands, to one using
cross-sections computed at the apparent critical pressure
in the deeper regions.
Choosing a cross-section at the appropriate tempera-
ture and pressure is a luxury that is not always avail-
able depending on the spectral region or the molecu-
lar species of interest. In the ultraviolet, for instance,
extinction cross-sections are predominantly measured,
rather than computed from first principle, and this only
for a limited range of pressures and temperatures. Hav-
ing at one’s disposal a cross-section at a lower spec-
tral resolution, and hence lower contrast, may present
some ambiguity in interpretation. Indeed, if the ‘surface’
cross-section is higher than part of said cross-section, it
is clear that refraction plays a role in shaping the trans-
mission spectrum. If the ‘surface’ cross-section is always
lower, one might wonder if that still would have been
the case compared to a higher spectral resolution cross-
section which has a higher contrast. In that particular
scenario, it is not so clear that refraction has no impact
on the spectrum. Even in the infrared where line lists
are available, the parameters for collisional broadening
are typically known only for self-broadening or air, and
only around 300 K. They are poorly known at the high
temperatures and for the broadening agents (H2 and
He) relevant to hot Jupiters, and HITRAN and EXO-
MOL – two line list databases – have only recently com-
piled broadening parameters for H2 and He for a few
molecules (Wilzewski et al. 2016; Barton et al. 2017).
When broadening parameters are not available, one can
use our method in an isothermal atmosphere because
computed cross-sections cannot change with altitude or
pressure.
Whether the atmosphere is probed deep enough that
collisional broadening becomes important or not is of
secondary concern because our method is not a sub-
stitute for a radiative transfer computation, but only
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meant to help ascertain to first order whether refrac-
tion plays a likely role in modifying the transmission
spectrum of the exoplanet, given a set of extinction
cross-sections and relative abundances of several species
of interest. One may simply take a quick look at a
published cross-section, and factor in various molecu-
lar abundances to get a feel for the range of abundances
which can create spectral features above the refractive
continuum, or for which spectral features are hidden by
refraction.
With this in mind, once the spectral modulation, ex-
pressed in scale height (∆h/H), of a specific spectral
feature is determined, one can estimate the correspond-
ing transit depth (∆F/F⋆) associated with this feature
with (
∆F
F⋆
)
=
(
∆h
H
)(
2RPH
R2⋆
)
. (33)
Here, ∆F is the stellar flux drop caused by the spectral
feature, F⋆ is the stellar flux, and R⋆ is the stellar radius.
Fig. 12, 13, and Table 4 are thus valuable to get first
order effects of refraction for the TRAPPIST-1 planets
in order to help determine the exposure time required to
detect spectral features with various JWST instruments,
from an assumed composition of the atmosphere.
5. CONCLUSIONS
We combine refraction theory with the concept of
the ‘surface’ cross-section, the result of recent analyt-
ical work of the effects of ‘surfaces’ on the transmis-
sion spectra of exoplanets (Be´tre´mieux & Swain 2017)
which defines the location of a boundary in opacity
space rather than pressure, density, or altitude, to de-
velop a first-order recipe for estimating the effects of
the refractive continuum on the size of spectral features.
We do this both for atomic and molecular extinction as
well as collision-induced absorption. We show, using
Jupiter’s atmosphere as an example, that the concept
of the ‘surface’ cross-section, which defines the value of
the mean atmospheric cross-section below which spec-
tral features are severely decreased, works well even for
non-isothermal atmospheres. However, unlike for the
isothermal case, it is then not straightforward to esti-
mate the resulting flux drop associated with the spec-
tral feature above the refractive continuum because the
density scale height changes with altitude.
Indeed, we demonstrate analytically that the density
scale height modulates the change in the effective ra-
dius of an exoplanet associated with opacity changes
in a well-mixed atmosphere, and that the effects of a
non-isothermal atmosphere is to distort the transmission
spectrum of an isothermal one: regions of larger scale
height stretches in the vertical direction spectral features
which probe these regions, while regions of smaller scale
height compresses them. In exoplanet atmospheres,
these effects are fairly subtle, and only large changes
in temperatures in the troposphere and the lower ther-
mosphere could be observed. However, in Jupiter’s case,
refraction hides the temperature signatures of its tropo-
sphere.
In comparison to the findings of Dalba et al. (2015),
we show that differences in the location of the refractive
continuum with observational geometry likely lead to al-
most flat spectra in cold, long-period exoplanet analogs
to the Jovian planets in our solar system. Indeed, for
both occultations and lunar eclipse observations of so-
lar system planets the lower boundary defines the re-
fractive continuum, while the critical boundary does for
exoplanet transmission spectroscopy. The difference in
location between these two boundaries is at least 4 scale
height in altitude for the Jovian planets, which signifi-
cantly reduces the size of spectral features in exoplanet
transmission spectra compared with those reconstructed
from solar system observations.
We explore how the location of the critical boundary
changes with atmospheric temperature (100 to 2000 K)
for both Jupiter-sized and Earth-sized transiting exo-
planets orbiting various host stars (M5, M2, K5, G2,
F0). An increasing orbital distance of the planet simul-
taneously decreases the angular size of the host star as
seen from the exoplanet, as well as the planetary tem-
perature. Since both these effects increase the altitude
of the critical boundary, its location is extremely sen-
sitive to the temperature of the planetary atmosphere.
The spread in the location of the critical boundary with
the spectral type of the host star decreases with hotter
planetary temperature because the critical boundary is
located deeper, where the refractive boundary layer of
the atmosphere increasingly decreases the effective den-
sity scale height of the atmosphere. In Jovian planets
with temperatures above 2000 K, the location of the crit-
ical boundary is thus essentially independent of stellar
spectral type. This is not observed in H2 atmospheres
of Earth-sized planets because the lensing power of the
atmosphere is smaller for smaller planets. Indeed, ra-
diation can graze a 500 atm surface on an Earth-sized
planet when the planetary temperature is above 900 K.
If the atmosphere is composed of pure CO2, the result-
ing increase in the lensing power of the atmosphere more
than compensates for the smaller size of the planet, and
the same behavior as Jovian planets is observed.
Since the limb optical depth from collision-induced ab-
sorption is proportional to the square of the atmospheric
density at the grazing radius of the ray, the atmospheric
regions where CIA dominates are always deeper than
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those where atomic and molecular extinction do. Thus,
either CIA or refraction defines the deepest regions that
can be probed in atmospheric regions of low opacity.
In Jovian planets, H2-H2 CIA features are hardly im-
pacted by refraction when the atmosphere is hotter than
1000 K, whereas even the strongest CIA features are sig-
nificantly reduced by refraction for temperatures colder
than 200 K.
We also explore how the location of the critical bound-
ary changes with the atmospheric composition, quanti-
fied in term of the mean molecular weight of a binary
mixture (H2-He, He-N2, and N2-CO2), of the planets in
the TRAPPIST-1 system. We find that a pure He atmo-
sphere has the lowest critical boundary, a pure CO2 the
highest, and that the difference in location amounts to
about 5 scale height. As the mean molecular weight of
the atmosphere increases above that of helium, not only
do absorption features decrease in size due to the de-
creasing scale height, but the refractive continuum shifts
to higher altitude and the spectrum becomes intrinsi-
cally flatter.
We provide the location of the refractive boundary for
a few exoplanets, including the terrestrial planets of the
TRAPPIST-1 system, which will be targeted by JWST
in its GTO and ERS program. This helps the scien-
tific community estimate the impact of refraction with-
out the need for complicated radiative transfer calcula-
tions, a necessary step to determine the exposure time
required to detect spectral features with various JWST
instruments. Our results show that the best strategy
for JWST observations of the TRAPPIST-1 planets is
far from clear. Indeed, the required integration time to
detect spectral features of interest varies greatly depend-
ing on the composition of the atmosphere. Since we can
not know a priori what type of atmosphere to expect on
these worlds, do we err on the side of caution by asking
for a long integration time possibly sufficient to detect
spectral features in a high mean molecular weight at-
mosphere but also more likely to be denied observation
time, or do we err on the side of optimism by planing for
an H2 atmosphere and hoping for the best? If we are se-
rious about characterizing the atmospheric composition
of another world like our own, we must be ready to pay
the observation time toll. Whatever the final adopted
strategy is, since the host star of the TRAPPIST-1 sys-
tem is an extremely cool late-type star (M8), the plan-
etary system is as compact as we can wish for, ideal for
minimizing refractive effects, and thus ideal for atmo-
spheric characterization of terrestrial worlds.
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APPENDIX
A. IMPACT OF COLLISIONAL BROADENING ON TRANSMISSION SPECTRA
The simple method discussed in Section 2.6, and applied through a few examples in Sections 3.2 and 4.3, to estimate
the size of spectral features in the context of an isothermal atmosphere assumes that absorption cross-sections are in-
dependent of altitude. This simple assumption is at the heart of most published discussions on the pressure probed by
transmission spectroscopy which draw from the formalism of Lecavelier des Etangs et al. (2008). However, collisional
broadening, also known as pressure broadening, can cause absorption cross-sections to vary with pressure or density, as
discussed recently at length by Hedges & Madhusudhan (2016) within the context of exoplanet atmosphere character-
ization. Indeed, the Voigt profile of a transition line is the convolution of a Gaussian and a Lorentz profile. While the
width of the Gaussian profile increases with temperature through Doppler broadening, that of the Lorentz profile not
only decreases with temperature but also increases with pressure or density through collisional broadening. The Voigt
line profile of a transition thus changes from a Gaussian to a Lorentz profile from low to high densities. As long as the
pressure or density is low enough that the Lorentz width is smaller than the Doppler width, the cross-section does not
significantly change with altitude in an isothermal atmosphere, and the simple assumption behind our method holds
in this Gaussian regime.
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Figure 14. Variation of the Gaussian-to-Lorentz transition pressure with atmospheric temperature, computed at a wavelength
of 1 µm for two extreme values of Γrefm
1/2 from the EXOMOL database, namely from SO2 in H2 (solid) and H2O in He
(dot-dashed). The curves of other molecules in that database, which are broadened by H2 and He, lie between them, such as
an average curve for H2O in H2 (dashed).
One might wonder at what pressure or density are the two widths equal for molecules for which data is available.
This occurs at a Gaussian-to-Lorentz transition pressure (Pt) given by(
Pt
Pref
)
=
(
T
Tref
)β (
αD
Γref
)
, (A1)
which depends on the temperature of the atmosphere (T ), as well as a collisional broadening temperature scaling
exponent (β) and the Lorentz width (Γref ) of the line evaluated at a reference pressure (Pref ) and temperature (Tref )
– typically STP. The last quantity (αD) is the half-width at half-maximum of the Doppler-broadened line, given by
αD = ΓD
√
ln 2, (A2)
where ΓD is its Doppler width. The collisional broadening line parameters β and Γref can be found in line list
databases such as HITRAN (Gordon et al. 2017) and EXOMOL (Tennyson et al. 2016), which have both recently
added collisional broadening parameters by H2 and He for a few molecules (Wilzewski et al. 2016; Barton et al. 2017).
Using the ideal gas law in Equ. A1 to replace pressure with density, and writing out explicitly the expression for the
Doppler width, the density (nt) above which the cross-section changes significantly with altitude is then given by(
nt
nref
)
=
(√
2 ln 2
λ0Γref
)√
kBTref
mc2
(
T
Tref
)β−1/2
, (A3)
where m is the mass of the molecule whose line centered on wavelength λ0 is broadened. Note that Γref is typically
expressed in cm−1 so that the wavelength λ0 must be expressed in cm. It is interesting to note that for the few
molecules whose collision parameters are tabulated for broadening by H2 and He, β typically falls between values of
0.3 and 0.8, which implies that the temperature dependence of the Gaussian-to-Lorentz transition density in Equ. A3
is weak or even non-existent. Hence, the transition density is determined predominantly by the product of the
wavelength, the reference Lorentz line width, and the square root of the mass of the broadened species (λ0Γrefm
1/2).
As wavelength increases, the transition density decreases and collisional broadening is important over a larger fraction
of the atmosphere. The other two quantities depend on the chemical species whose lines are broadened. The expression
for (Pt/Pref ) is identical to that of (nt/nref ) in Eq. A3 except for the exponent above the temperature ratio which is
β + 1/2.
Fig. 14 shows the upper (H2O in He) and lower (SO2 in H2) boundaries of the range of transition pressures at 1 µm
that molecules in the EXOMOL database, which are broadened by H2 and He, can have. These boundaries are set
by the combination of molecule and broadener which have the lowest and highest value of the Γrefm
1/2 product, i.e.
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Figure 15. Variation of the Gaussian-to-Lorentz transition mean cross-section with atmospheric temperature, computed at a
wavelength of 1 µm mapping to the three curves in Fig. 14, namely from SO2 in H2 (solid), H2O in H2 (dashed), and H2O in
He (dot-dashed). Values are displayed both for a Jupiter-like planet (black), and for an Earth-like planet (red).
0.017 amu1/2 cm−1 and 1.44 amu1/2 cm−1 respectively. The intermediate curve shows a typical result for H2O in H2
with a Γrefm
1/2 product of 0.19 amu1/2 cm−1. As Γref and β varies from line to line, it is understood that cross-
sections can have different transition pressure in different spectral regions. Nevertheless, it is instructive to see the
envelope of pressures which describe the possible locations of this transition region. Furthermore, since the transition
pressure is inversely proportional to wavelength, the corresponding transition pressures at 10 µm are 10 times smaller
than those at 1 µm. Comparing our results to those of Hedges & Madhusudhan (2016), it is puzzling that the minimum
transition pressure which we compute is about 10 mbar at 100 K, which is several orders of magnitude greater than
displayed in their Fig. 2. However, Hedges & Madhusudhan (2016) do not specify either the wavelength, the molecule,
or the linewidth for which their transition pressure was computed. Furthermore, the bottom panel of their Fig. 9
shows that the cross-section at 5 µm of H2O in H2 at a temperature of 1000 K starts changing significantly with
pressures somewhere between 0.01 and 0.1 atm. Although this is two orders of magnitude higher than the value of
about 0.0001 atm shown in their Fig. 2, it is however consistent with the range of values displayed in our Fig. 14,
factoring the factor of five from the wavelength dependence. It would appear that the transition pressures in Fig. 2 in
Hedges & Madhusudhan (2016) are orders of magnitude too small, and inflate the importance of collisional broadening
in exoplanet transmission spectra.
Our calculations imply that collisional broadening in primordial atmospheres of hot exoplanets may only be important
in transmission spectroscopy in the wings of prominent absorption bands because the Gaussian-to-Lorentz transition
occurs at higher pressures than are typically probed by the peak of these bands. Indeed, one can compute the
mean cross-section of a homogenous isothermal atmosphere which probes this Gaussian-to-Lorentz transition region
by determining where the optical depth is 0.561 along the limb. This transition mean cross-section (σt) is given by
σt =
e−γEM
2
√
pi ln 2
√
GMP
R3P
(
m∗c
kBTref
)(
λ0Γref
L0
)(
T
Tref
)
−β
, (A4)
where
m∗ =
√
mm. (A5)
Here, m is the mean molecular weight of the atmosphere, G is the gravitational constant, and RP and MP are the
radius and the mass of the planet, respectively. Unlike the transition density or pressure, the transition mean cross-
section depends on the bulk atmospheric properties, as well as the radius and mass of the exoplanet. Our simple
approximation of a constant mean cross-section with altitude across the probed atmospheric regions holds in spectral
regions where σ > σt. Fig. 15 shows this transition mean cross-section corresponding to the curves in Fig 14 for
exoplanets with the same radius and mass as Jupiter and Earth.
A quick comparison between our calculation for H2O in H2 with the cross-section shown in Fig. 9 of
Hedges & Madhusudhan (2016) is quite instructive. For a 1000 K atmosphere of a Jupiter-sized planet, the promi-
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nent bands of the H2O cross-section always probe lower pressures than the transition pressure if the water relative
abundance is greater than 10−5. Indeed, the low-pressure peak of those bands have a cross-section value of at least
10−21 cm2, which combined with a relative abundance of 10−5 results in a minimum mean cross-section of 10−26 cm2.
This value is greater than the upper envelope of possible transition values from 4×10−28 cm2 at 1 µm shown in Fig. 15
(solid black line) to 8×10−27 at 20 µm. It is even greater than the typical transition mean cross-section of water in
H2 (dashed black line) of about 7×10−29−1.4×10−27 cm2 in that same spectral range.
One can also consider the inverse problem and ask what part of the low-pressure cross-section contributing to the
exoplanet transmission spectrum is impacted by collisional broadening given the relative abundance of the molecule
considered. Considering the above typical transition mean cross-section of water in H2 with this same relative abun-
dance of 10−5 implies that cross-section values below the line connecting 7×10−24 at 1 µm to 1.4×10−22 cm2 at 20 µm,
on a log(σ) versus log(λ) plot, are impacted by collisional broadening. The entire line moves downward with increasing
relative abundance, and collisional broadening becomes less important. The resulting transmission spectrum resemble
the logarithm of the low-pressure cross-sections above this line, while it progressively resembles the logarithm of the
cross-sections at higher pressures at lower altitudes. Probing these deeper regions is however possible only if they are
not hidden by the absorption band of other molecules. When faced with complex atmospheres composed of many
molecular species, this is unlikely to happen over a significant fraction of the observed spectrum.
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